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Abstract
Electron tracking based Compton imaging is a key technique to improve the sensitivity of Compton cameras by measuring the initial
direction of recoiled electrons. To realize this technique in semiconductor Compton cameras, we propose a new detector concept,
Si-CMOS hybrid detector. It is a Si detector bump-bonded to a CMOS readout integrated circuit to obtain electron trajectory
images. To acquire the energy and the event timing, signals from N-side are also read out in this concept. By using an ASIC for the
N-side readout, the timing resolution of few µs is achieved. In this paper, we present the results of two prototypes with 20 µm pitch
pixels. The images of the recoiled electron trajectories are obtained with them successfully. The energy resolutions (FWHM) are
4.1 keV (CMOS) and 1.4 keV (N-side) at 59.5 keV. In addition, we confirmed that the initial direction of the electron is determined
using the reconstruction algorithm based on the graph theory approach. These results show that Si-CMOS hybrid detectors can be
used for electron tracking based Compton imaging.
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1. Introduction
Compton imaging technique is one of the most powerful
techniques for gamma-ray imaging. Especially in the energy
band from few 100 keV to few MeV, it has been used in various
fields including astrophysics[1, 2], medical imaging[3] and ra-
diation monitoring[4, 5] because Compton scattering becomes
the dominant interaction of photons with matter in this energy
range. In Compton imaging, by measuring interaction positions
and deposit energies of a Compton-scattered gamma-ray, the
scattering angle is calculated and the incoming direction of the
gamma-ray is constrained on a cone based on the kinematics of
Compton scattering. The incoming direction is determined as
the intersection of the Compton cones. Thus we need a num-
ber of photons to identify a certain intersection as the incoming
direction statistically significantly. If a gamma-ray incoming
direction is constrained on a smaller region than the Compton
cone, we can identify it with fewer photons.
To tackle this problem, the most promising solution is to
measure the initial direction of the recoiled electron from the
first interaction of the scattering. The direction of an in-coming
gamma-ray is constrained on an arc-shape region based on
the momentum conservation law. This approach is realized in
gaseous Compton cameras but the detector size has to be large
due to the low density, and the energy resolution is limited[6, 7].
On the other hand, in semiconductor Compton cameras which
∗Corresponding author
Email address: yoneda@astro.isas.jaxa.jp (Hiroki Yoneda)
have advantages with the high density and the high energy
resolution, only the demonstration in the limited conditions is
achieved[8].
To utilize the electron tracking based imaging in semicon-
ductor Compton cameras, the detector should meet several re-
quirements. Figure 1 shows the mean length of electron tra-
jectories in Si. It is ∼ 100 µm for the electron of ∼ 100 keV.
(∼ 100 keV is transferred to the recoiled electron when a 500
keV gamma-ray is scattered at an angle of 45◦.) Because the
direction of an electron momentum changes along its trajectory
due to multiple scattering, the first part of the trajectory is im-
portant. To resolve the trajectory of ∼ 100 µm, ∼ 10 µm spatial
resolution is required. The second requirement is fast timing
resolution to identify coincidence events in scatter and absorber
detectors. A trial of the electron tracking based Compton imag-
ing, by combining a scientific CCD and a Ge detector, was re-
ported by Vetter et. al.[8]. In the experiment, the CCD provided
the time of a frame with the frame rate of ∼ 0.5 fps. The co-
incidence events between the CCD and the Ge detector were
determined only by the Compton kinematics (i.e. the relation-
ship of measured energies and positions on detectors). In order
to select a clean event which includes one electron trajectory in
the frame, the event rate was limited below ∼ 2 Hz. In order to
use the camera in a practical environment, we need a fast event
trigger of less than ∼ 10 µs resolution from the device in con-
junction with tracking information. In addition, the thickness
of the detector should be ∼ 500 µm in terms of the efficiency
and the electron trajectory length. We can consider to use a fast
readout CMOS pixel sensor[9, 10] alternatively to achieve both
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high spatial resolution and high timing resolution. However its
thickness is less than ∼ 20 µm and electrons can escape from
the detector easily in addition to the low efficiency. Finally, for
good spectral and spatial resolution of Compton imaging, high
energy resolution is also required. The energy resolution of a
few percent is sufficient because the imaging performance is
limited by Doppler broadening[11].
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Figure 1: A curve between mean length and energy of electron trajectories in
Si. The calculation is based on Bethe formula described in [12]. Only colli-
sional loss is considered because the electron energy is lower than few MeV
and bremsstrahlung is negligible.
2. Si-CMOS hybrid detector
In collaboration with Hamamatsu Photonics, we have been
developing Si-CMOS hybrid detector which is a Si detector
bump-bonded to a CMOS readout integrated circuit (ROIC)
with 20 µm pitch pixels. Figure 2 describes a schematic view of
the detector. Each image from the CMOS ROIC is read out non-
destructively thus the CMOS ROIC is reset after taking a certain
number of images from the last reset. Negatively doped silicon
strips or pixels (N-side) are implanted on the opposite side of
the n-type silicon bulk. Signals from these electrodes are also
read out to measure the electron energy when one of their pulse
heights becomes higher than a threshold using a low noise ana-
log Application Specific Integrated Circuit (ASIC). The ASIC
is developed for the Soft Gamma-ray Detector on the Hitomi
satellite[2] and the event timing is also acquired with the res-
olution of few µs. A circuit diagram of the ASIC is shown
in Figure 3 of [2]. When an event trigger is generated on the
ASIC, information about the status of the CMOS ROIC (which
row/image is being read out) is saved. Using the energy and
spatial and timing information from the ASIC, the electron tra-
jectories are identified with the ASIC events.
We developed two prototypes of Si-CMOS hybrid detector.
The left one in Figure 3 is the first prototype. The number of
pixels is 128× 128 and the detector size is 2.56 mm× 2.56 mm
with a thickness of 0.5 mm. In this prototype, we focused on
testing the bump-bonding between the Si bulk and the CMOS
ROIC and evaluating the performance of the CMOS ROIC. On
N-side, the electrode is not segmented and signals from this
side are not read out. The second prototype is the right one in
Figure 3. The number of pixels is increased to 640×640 and the
detector size is 12.8 mm × 12.8 mm. The thickness of Si is the
same as the first prototype. N-side has 64 strip electrodes wire-
bonded to the ASIC. The strip pitch is 200 µm and the length
is 12.8 mm. The frame readout rate can be controlled by the
frequency of an input clock. In this work, the first prototype was
operated with 5 MHz clock and the frame rate is ∼ 60 fps. The
second one was operated with 2 - 4 MHz clock and the frame
rate is ∼ 2 - 4 fps. Because the pixel number of this prototype is
25 times larger than that of the first one, the frame rate becomes
lower. In the future development, we will attempt to increase
the frame rate using established technologies for fast readout
CMOS pixel sensors. We operated these detectors under a bias
voltage of 200 V and a temperature of −20 ◦C or −10 ◦C.
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Figure 2: A schematic view of Si-CMOS hybrid detector.
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Figure 3: Photos of the Si-CMOS hybrid detectors. Gamma-ray sources are
located above the detectors at a distance of few cm in the experiments. (left)
The first prototype with 128 × 128 pixels. (right) The second prototype with
640 × 640 pixels.
3. Data Process & Detector Performance
3.1. CMOS
We analyzed the images from the CMOS ROIC using the
first prototype and evaluate its performance. Figure 4 shows
the data processing flow for our analysis. Each pixel value in
the raw image corresponds to the accumulated charges in the
pixel from the last frame reset because the CMOS ROIC is read
out non-destructively. To extract events in frame intervals, we
calculate the difference between frame images and their one be-
fore frame images. Additionally, the reset noise (kTC noise)
and the fixed pattern noise are canceled out in this process. The
median of the differential values in each row is calculated and
subtracted from all the pixels in the row to estimate an offset due
to dark current and common-mode noise in the same row. After
these processes, differential images are produced as shown on
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Figure 4: Data processing flow for our analysis of CMOS images
the upper right in Figure 4. The electron trajectories on the im-
ages is produced due to Compton scattering or photoabsorption.
Thus when using the Si-CMOS detectors for Compton cameras,
a coincidence setup is required to identify Compton scattering
events. However we do not need the setup here because we just
test the images of the electrons. The electron trajectories are
not straight due to multiple scattering and we need an appropri-
ate algorithm to determine their initial direction as described in
Section 4.
To separate the trajectories on the image, we extract pixels
above a threshold. If an extracted pixel is included in adjacent
pixels of another extracted pixel, the two pixels are regarded as
”connected”. We make groups consisting of connected pixels
which correspond to electron trajectories. The electron energy
is estimated by summing up the pixel values in one group. Fig-
ure 5 shows the energy spectrum of gamma-rays of 241Am. The
energy resolution depends on the threshold strongly (right in
Figure 5). When the threshold is set too low, many noise pixels
are included in one pixel group. On the other hand, some pixels
with real signals cannot be extracted in the case that the thresh-
old is too high. When applied the optimal threshold, the energy
resolution (FWHM) is 4.1 keV (6.9%) at 59.5 keV.
Around 59.5 keV, the distribution of the pixel number in the
trajectory is described well with a Gaussian function. In the
energy range from 55 keV to 65 keV, its mean (µ) is 5.7 pixels
but as shown in Figure 1, the mean length of the trajectories
of 60 keV is theoretically ∼ 30 µm larger than µ. This indi-
cates that the image spreads over the true electron trajectory.
It is probably be caused by charge sharing due to interpixel
capacitance[13] and may affect the energy resolution. How-
ever, using pixel values of adjacent pixels, we can reconstruct
the electron trajectory well as described in Section 4. It might
be better to enhance the charge sharing from the viewpoint of
measuring the initial direction of the electron momentum.
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Figure 5: (left) CMOS energy spectrum with gamma-rays of 241Am. (right)
Energy resolution (FWHM) depending on the threshold. 1 keV corresponds to
∼ 2 mV. In this analysis, we ignored the pixel groups consisting of only one
pixel as the background.
3.2. ASIC
We also eveluate the spectral performance of the ASIC us-
ing the second prototype. Figure 6 is the energy spectrum with
gamma-rays of 241Am in the operation under −20 ◦C. The en-
ergy resolution (FWHM) is 1.4 keV (2.3%) at 59.5 keV when
the CMOS ROIC and the ASIC are operated together. We
should mention that an large noise is generated at N-side due
to the interference with the CMOS ROIC in the current pro-
totypes when the CMOS ROIC switches the readout row. The
noise may be caused by an electric current following the CMOS
ROIC switching or the surface of the CMOS ROIC which is not
metal-coated, but it is currently under investigation. In Figure 6,
the events before and after the row switching (15% of readout
time) are ignored. When the CMOS ROIC is turned off, the
energy resolution is improved to 1.1 keV (1.8%).
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Figure 6: ASIC energy spectrum with gamma-rays of 241Am. The events before
and after the row switching are ignored (15% of readout time). Red line is the
spectrum with single-hit events.
The position of an ASIC signal event is constrained in the
strip electrode from which the signal is generated, and informa-
tion on the CMOS ROIC (which row/image was being read out)
is latched as soon as the trigger is generated in the ASIC. Using
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this information, we can identify ASIC events to trajectories on
CMOS images. When there is only one electron trajectory in a
certain strip on the CMOS images, and only one single-hit event
exists on the strip in ASIC event lists in the corresponding frame
interval, we select the pair of the ASIC event and the trajectory
on the CMOS image. Figure 7 shows the correlation between
the sum of pixel values and the ASIC ADC value of the event
pairs. The linear correlation in the energy is seen clearly. This
indicates that the event identification works well. Furthermore,
using the energy information additionally, the event identifica-
tion is possible even if several trajectories are on the same strip
on the same image.
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Figure 7: Correlation between the sum of pixel values and ASIC ADC of the
identified event pairs. 60Co is used for a gamma-ray source in this measure-
ment.
4. Electron Trajectory Reconstruction Algorithm
The direction of the initial electron momentum is the impor-
tant physical parameter in the electron tracking based Compton
imaging. The reconstruction algorithm to measure the initial
direction has been investigated for gaseous detectors in X-ray
polarimetry field. In previous studies, the algorithm is often
based on the moment analysis[14, 15]. However, Li et al.[16]
pointed out that this can fail in some cases (i.e. the trajectory
is a U-shape curve, and the initial and end position are close to
each other.) and they introduced the algorithm based on graph
theory alternatively. Here, we develop an algorithm to measure
the initial electron direction using the CMOS images following
their approach. The details are described below.
1. Making mathematical graph The center points of each
pixels is regarded as vertices (the blue points in Figure 8
) of an graph. The vertices are connected if their pixels
are adjacent to each other and these connections are re-
garded as edges. Then these vertices and the edges form
the graph.
2. Calculating the center of gravity of pixels Charges are
shared with adjacent pixels thus their pixel values reflect
the position information of the recoiled electron. Consid-
ering the charge sharing effect, we select each pixel and
its adjacent pixels and calculate the center of gravity of
these pixels weighting with their pixel values and replace
each node by the center of gravity. The blue points in Fig-
ure 8 are the initial positions of the nodes and the green
points are the replaced positions. After the replacement,
the nodes trace the electron trajectory well.
3. Finding longest shortest-path We select an arbitrary pair
of the nodes and calculate its shortest-path which con-
nects the two nodes using Warshall-Floyd algorithm[17].
This is a kind of the shortest path problem in graph theory.
We determine the trajectory of the electron as the longest
shortest-path in all pairs.
4. Determining the Compton scattering position The end
points of the calculated path are the initial position and
the stop one. We select each endpoint and its nearby n0
nodes (n0 are a parameter in this algorithm) and calculate
the sum of their pixel values. The end point with the larger
sum corresponds to the Bragg peak, thus the other is de-
termined as the initial position ( ~x0).
5. Applying principle component analysis We select
nearby n1 nodes from the initial point and apply the princi-
ple component analysis to these nodes and the initial point
(n1 is also a parameter). The first principle axis ~ve is ap-
proximately parallel to the direction of the initial electron
momentum. Thus the direction is −~ve or +~ve. We calcu-
late the center of gravity of these points ( ~xg) and select the
direction which satisfies that the angle between (±)~ve and
~xg − ~x0 is less than 90◦.
Figure 8 shows the result applied this algorithm to the exper-
imental data. In this calculation, we set both n0 and n1 as 5.
The evaluation of the accuracy of this algorithm and the com-
parison with other reconstruction algorithms (e.g. [18]) is under
investigation.
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Figure 8: The reconstructed initial direction of an electron. (left) Blue points
are the initial position of the nodes. Green points are the center of gravity of
every pixels. (right) Red arrow is the reconstructed direction.
5. Conclusion
We propose a new detector concept of Si-CMOS hybrid de-
tector towards electron tracking based Compton imaging with
semiconductor detectors, and developed two prototype detec-
tors. These prototypes are operated and images of electron tra-
jectories are produced successfully. Electron energies are also
4
measured from both the CMOS ROIC and the ASIC and the
energy resolutions (FWHM) are 4.1 keV (CMOS) and 1.4 keV
(ASIC) at 59.5 keV. Although there is a relatively large dead
time (∼ 15%) due to the interference noise currently, ASIC
events are identified with electron trajectories on CMOS im-
ages based on the ROI information. Additionally, we developed
an algorithm to measure the direction of the initial electron mo-
mentum based on graph theory, and confirmed that it works well
by applying it to the experimental data. The development of a
semiconductor Compton camera using the second prototype of
Si-CMOS hybrid detector is underway.
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